Accurate and precise dating of individual volcanogenic beds that spread across multiple sedimentary successions is a powerful tool to untangle stratigraphic age contradictions, since these horizons are deposited synchronously. In this study, we show that combining apatite chemistry with zircon age, Th/U ratio, and Hf isotope composition leads to reliable lateral correlation of volcanic horizons across sections representing disparate biological, chemical, and physical paleoenvironments. We correlate two volcanogenic horizons across six sedimentary sections straddling the Permian-Triassic boundary (PTB) in the Nanpanjiang Basin (South China), including the last Permian bed below the unconformity in shallow-water sections of the Luolou Platform. We place the PTB in our sections at the marked lithological change in order to avoid the difficulties that arise from the diachronism of the index conodont Hindeodus parvus, the first occurrence of which defines the PTB at the Global Stratotype Section and Point at Meishan. Our new data demonstrate that these volcanogenic beds are contemporaneous and cogenetic, allowing us to pool high-precision U-Pb zircon ages from the same horizon across several sections, and dating the last Permian volcanic event in this basin at 252.048 ± 0.033 Ma. We show that the mineral chemistry of apatite and zircon of intra-and interbasin-wide volcanogenic beds provides tie points against which biozones, carbon isotopes, astronomic cycles, and geomagnetic polarity time series can be stringently tested.
INTRODUCTION
Stratigraphic correlation of key sections, such as the Permian-Triassic boundary (PTB), usually rely on bio-, chemo-, magneto-, or cyclostratigraphic time series (e.g., Glen et al., 2009; Wu et al., 2013) . Each of these approaches has limitations, which are largely inherent to a priori assumptions such as uniform sampling, completeness of the record through absence of local preservation effects, and synchronism and globalism of index species. The global definition and correlation of stage boundaries are usually based on the first occurrence (FO) of index species (e.g., Hillebrandt et al., 2013; Yin et al., 2001) . Recently, Brosse et al. (2016) indicated that this approach leads to incorrect correlations for the PTB. Using biochronological methods based on graph theory (Guex et al., 2016) , they revealed the diachronism of traditionally employed conodont interval zones, including the index species Hindeodus parvus, the FO of which defines the golden spike for the PTB at the base of Bed 27c in the Global Stratotype Section and Point (GSSP) at Meishan D. Hence, other strategies have to be established in order to accurately correlate and calibrate key sequences in the stratigraphic record. U-Pb zircon chronology from volcanic horizons (e.g., Schoene et al., 2010; Burgess et al., 2014) , also termed tephrochronology, allows temporal correlation of multiple sedimentary sections, across different paleoenvironments, independent from bio-, chemo-, or cyclostratigraphy. A prior assumption in tephrochronology has been that the age of zircon crystallization closely approximates that of the volcanic eruption and ash bed deposition (e.g., Bowring et al., 1998) , and that the mineral age or chemistry is consistent across the entire ash horizon. Usually these assumptions are valid (see the discussion in Ovtcharova et al., 2015) , and because tephra from volcanic eruptions can be transported over thousands of kilometers (e.g., Jensen et al., 2014) , tephrochronology can provide an invaluable tool for stratigraphic correlation across entire sedimentary basins and beyond. The conventional practice in tephrochronology is to analyze the chemical composition of volcanogenic glass. This information is, however, likely to be biased by secondary alteration and devitrification, which can alter the original glass composition (Cerling et al., 1985; McHenry, 2005) , especially of pre-Cenozoic ashes. The chemistry of apatite and zircon offers a more robust tephrochronologic potential (e.g., Sell and Samson, 2011; Harvey, 2014; Nicklen et al., 2015) , because they are ubiquitous in igneous systems and contain a large variety of nonstoichiometric elements. The partitioning of minor and trace elements (e.g., F, Cl, Fe, Mg, rare earth elements in apatite; e.g., Th, U, Hf in zircon) reflects the chemical composition of the magma from which they crystallized (e.g., Chazot et al., 1996; Nardi et al., 2013) , and apatite and zircon are largely unaffected by chemical alteration during diagenesis (Morton and Hallsworth, 2007) . Therefore, we utilized apatite and zircon chemistry as a tool to evaluate the cogenetic origin of volcanogenic beds, corroborated through high-precision U-Pb dating of zircon. This approach allows accurate stratigraphic correlation of volcanogenic beds between different sections straddling the PTB in marine successions of the Nanpanjiang Basin (Fig. 1A) . Hence, we suggest placing the PTB at the ubiquitous marked lithological change, which differs from the FO of H. parvus in these sections (Fig. 1B) . By this, we (1) demonstrate that our approach accurately defines individual horizons as synchronous stratigraphic tie points in the sedimentary record, and (2) offer an alternative definition of the PTB in the Nanpanjiang Basin, without utilizing the labile FO of H. parvus.
GEOLOGIC SETTING
The volcanogenic beds were sampled from six sections (Shanmenhai, Nanem, Wuzhuan, Tienbao, Penglaitan, and Dongpan) straddling the PTB in the Nanpanjiang Basin in southern China ( Fig. 1A; Early Triassic, this pull-apart basin was located on the present-day southern edge of the South China Block and occupied an equatorial position in the eastern Paleo-Tethys (Metcalfe, 2013) . Volcanogenic beds are abundant in all sections; they are especially frequent in the deeper-water, lowenergy settings of Penglaitan and Dongpan, and to a lesser degree in the shallow-water, higherenergy records of Shanmenhai, Nanem, Wuzhuan, and Tienbao (Fig. 1B) . The volcanic material is presumably derived from the Lang Song volcanic arc, which is situated in the southwest part of the basin and was related to the convergence between Indochina and South China (Faure et al., 2016) .
Late Permian rocks of the shallow-marine sections are assigned to the Wujiaping Formation and consist of limestones and subordinate volcanic ashes. Late Permian rocks of the deeperwater platform-slope sections belong to the Dalong Formation and consist of siliceous mudstones with subordinate limestones interbedded with abundant volcanic ashes and volcanogenic sandstones. Early Triassic rocks of the shallowmarine sections are assigned to the Luolou Formation, which rests unconformably on top of the Wujiaping Formation, whereas Early Triassic rocks of the deeper-water sections are assigned to the Ziyun Formation, which rests conformably on top of the Dalong Formation. The base of the Triassic is represented by microbialites in shallow-water settings and by laminated black shales in adjacent troughs. Therefore, the PTB in our sections is clearly and unambiguously expressed by these lithological boundaries (Fig. 1B) .
SAMPLES AND ANALYTICAL METHODS
We report a comprehensive geochemical characterization of apatite by electron microprobe (EMP) analysis together with U-Pb high-precision, chemical abrasion-isotope dilution-thermal ionization mass spectrometry (CA-ID-TIMS) dates, Th/U ratios (obtained from 208 Pb/ 206 Pb TIMS analyses), and Hf isotopes (measured by multicollector-inductively coupled plasma-mass spectrometry) of zircon. Apatite and zircon were separated from nine volcanogenic beds covering the PTB interval in the Nanpanjiang Basin. The trace-element composition of 320 apatite crystals fingerprints each of these beds, and their temporal correlation is supported through 84 CA-ID-TIMS single-zircon U-Pb dates. This data set is complemented by Th/U ratios and Hf isotopes of the dated zircon crystals. Details of sampling, analytical methods, results, and reference material data are given in the Data Repository.
CORRELATING TEPHRA BEDS THROUGH APATITE AND ZIRCON CHEMISTRY
Analyzed apatites have equant to subequant crystal habits. This morphology usually reflects near-equilibrium crystallization conditions (Webster and Piccoli, 2015) . Zircon crystals are predominantly long prismatic to acicular, presumably crystallizing at a late stage shortly before eruption. Fluorine concentrations ranging from 1.70 wt% to 4.07 wt% and a minor Cl component of 0.11 wt% to 0.87 wt% are typical of igneous apatite (Table DR3 in the Data Repository). Zircon yields Th/U ratios of 0.17-0.96 (Table DR4 ) and e Hf values of -12.9 to +0.9 (Table DR5) , consistent with crystallization from SiO 2 -rich melts of crustal origin, rather than an origin from the Siberian Traps, which has e Hf values of +4.8 to +16.3 (Malitch et al., 2010) and Th/U ratios of 1.00-2.67 (Burgess and Bowring, 2015) . Studied ashes contain apatite and zircon with a unique chemical composition, which reflects the composition of the host magma at the time of eruption, providing a geochemical fingerprint for each volcanogenic bed in the Nanpanjiang Basin ( Fig. 2; Figs. DR2-DR5 ). Among all volcanogenic beds investigated, two horizons can be unequivocally correlated around the PTB interval between several sections of the Nanpanjiang Basin (Fig. 1B) .
Horizon 1-Uppermost Permian
Horizon 1 represents the last Permian bed characterized by volcanic ashes in the shallowmarine Luolou Platform at Wuzhuan (WUZ-4) and Tienbao (TIE-6), and by a volcanogenic sandstone in the deeper-marine section at Penglaitan (PEN-28). Apatites of Horizon 1 form two distinct populations in the Cl-MgOFeO ternary plot and display similar chemistry and cathodoluminescence (CL; Fig. 2A ; U dates of up to 2 m.y. reveals incorporation of antecrystic zircon and/or sedimentary reworking as revealed by scattered zircon Th/U ratios and e Hf values. By removing these older grains, the overall variation in Th/U ratios and e Hf values reduces from 0.44 to 0.32 and from 8.1 units to 3.8 units, respectively (Fig. 2A) . The overall variation of the youngest zircon clusters is identical in their Th/U ratios of 0.52-0.80 and their e Hf values of -10.6 to -6.8 (Fig. 2A) . Apatite chemistry and zircon 206 Pb/ 238 U ages demonstrate that the volcanogenic beds assigned to horizon 1 are contemporaneous and cogenetic, rendering it a robust tie horizon in the Nanpanjiang Basin at the end of the Permian. At the Meishan GSSP (present-day northern margin of the South China Block), the last Permian volcanic bed (bed 25) has similar zircon chemistry, with Th/U ratios of 0.51-2.11 and e Hf values of -12.1 to -3.4 (He et al., 2014) , but its weighted mean 206 Pb/ 238 U age of 251.941 ± 0.037 Ma (N = 16; MSWD = 1.3; Burgess et al., 2014) only coincides with Wuzhuan and Tienbao. The age difference with Penglaitan can be potentially explained by the fact that it is a volcanogenic sandstone, not an ash layer.
Horizon 2-Early Triassic
Horizon 2 is represented by a volcanogenic sandstone in the shallow-marine sections of Shanmenhai (SHA-I), Nanem (NAN-3), and Wuzhuan (WUZ-7), and it accompanied the tectonic subsidence that drowned and consequently ended the growth of microbial limestone in the Nanpanjiang Basin. Its U-Pb ages of zircon are ~400 k.y. too old according to the computed model age of the PTB (Baresel et al., 2016) and thus violate the stratigraphic order. Nevertheless, the youngest grains or clusters are identical within uncertainty in the 206 Pb/ 238 U dates (Fig.  2B) from Shanmenhai (252.407 ± 0.056 Ma; N = 6; MSWD = 0.84), Nanem (252.398 ± 0.075 Ma; N = 5; MSWD = 0.53), and Wuzhuan (252.55 ± 0.30 Ma; youngest date). Apatite crystals define narrow overlapping clusters in the Cl-MgO-FeO ternary plot and show comparable CL ( Fig. 2B;  Fig. DR3 ). Zircon crystals display limited overlapping variations in their Th/U ratios and e Hf values (Fig. 2B ). Apatite and zircon chemistry suggests a uniform magmatic source with no significant sedimentary reworking. Its specific magmatic fingerprint was likely acquired during a period of enhanced crystallization in the magma reservoir ~400 k.y. prior to eruption, and the melt was erupted together with its crystal cargo. In the deeper-water section at Dongpan, a volcanogenic sandstone (DGP-18) shows identical zircon chemistry, but its different apatite chemistry does not support assignment to horizon 2 (Figs. DR3 and DR5 ).
Basal Triassic Ash Beds
Volcanic ash beds in Penglaitan (PEN-22) and Dongpan (DGP-21) occur 0.5 m and 0.1 m above the PTB, respectively. They show identical zircon dates, but they are different in their apatite and zircon chemistry ( Fig. 2C;  Fig. DR4 ). Thus, apatite and zircon chemistry reveals that these coeval ash beds are derived from different magmatic systems and are uncorrelated, demonstrating that the combined approach of accessory mineral chemistry and geochronology is essential. This fact points to the coexistence of different, contemporaneous volcanic sources with slightly different magma compositions in the Nanpanjiang Basin during the Early Triassic. 
IMPLICATIONS
This study presents a novel application of apatite and zircon chemistry, together with highprecision zircon geochronology, as a multiproxy tool to precisely and accurately correlate individual volcanogenic horizons across different sedimentary facies and sections. As a first result, we are able to define two marker horizons and establish them as reliable stratigraphic tie points bracketing the PTB in the Nanpanjiang Basin. This allows us to constrain the PTB in different lithological facies, i.e., at the top of the shallowmarine Wujiaping Formation and the deepermarine Dalong Formation at highest precision. Furthermore, given the cogenetic nature of the volcanogenic beds, zircon U-Pb dates from the topmost Permian bed in Wuzhuan, Tienbao, and Penglaitan can be pooled, and a weighted mean age of 252.048 ± 0.033 Ma (N = 16; MSWD = 0.46) can be calculated for the last ash bed before the PTB. Correlation with the ash of bed 25 in Meishan is probable, but not certain. Eventually, the combination of the multiproxy approach proposed here with the application of probabilistic statistics to create accurate agedepth models (as proposed in Baresel et al., 2016) will lead to a precise recognition of the PTB in different sedimentary environments at the 0.01% precision range for 206 Pb/ 238 U dates. This will be far superior to what can be achieved from analysis of the strongly condensed Meishan GSSP and should be considered as an essential complement to the GSSP definition. It will furthermore allow more accurate quantification of the diachronism of H. parvus, the index conodont that defines the base of the Triassic, and it will provide a stringent test for chemical and physical correlation methods. On a general level, the approach we suggest may lead to a higher degree of confidence in the definition of stage boundaries and the timing of important biological, physical, and chemical events in Earth's history.
